INTRODUCTION
With the development of UWB communications, UWB antennas for wireless applications have received much attention. Various antennas have been proposed for UWB application [1] [2] [3] [4] [5] [6] [7] [8] . Antenna design is a particular challenge in UWB systems. Due to the extremely wide operating bandwidth, the UWB antennas impose significant impacts on the received waveforms. Thus, a good time domain performance is a primary requirement of a suitable UWB antenna. Besides, a good design of UWB antenna should be optimal for the performance of overall systems.
Planar dipole antennas are suitable for wide band applications due to their broad impedance bandwidths and compact size [9] . Recently, some planar dipole antennas have been proposed for UWB applications. For example, the double printed circular disk antenna, offset-fed square dipole, stepped-fat dipole, and diamond dipole were studied for UWB systems [10] [11] [12] [13] . Those antennas show good impedance characteristics and a little higher gains over 3.1 GHz to 10.6 GHz UWB band.
In this paper, on the basis of our former study, the time domain performances of a double-printed UWB dipole antenna are investigated for both single band and multi-band schemer. An antenna system composed of double printed UWB dipole antennas was fabricated and measured in frequency domain. With the aid of inverse Fourier fast transforms, impulse responses in time domain were obtained and studied.
ANTENNA STRUCTURE AND ANTENNA SYSTEM
The structure of the double-printed UWB dipole antenna is shown in Fig. 1 . The antenna is printed on both sides of a substrate with ε r = 2.78 and a thickness of 0.8 mm. The total size of the antenna is 46 × 48 mm 2 . The dark parts are on the front plane of the substrate while the light parts are on the back plane. The dipole is composed of two rectangular arms and is fed by parallel plate and microstrip line. The different widths of the fed line improved the impedance matching. The measured and simulated voltage standing wave ratios (VSWR) are shown in Fig. 2 . The simulation was carried out by using an EM software based on the method of finite integration technology. It can be observed that both the simulated and measured results cover the UWB band from 3.1 GHz-10.6 GHz with VSWR less than 2. The measured result is a little wider than the simulated result. This is mainly due to the measurement error and numerical error. In order to evaluate the antenna performance from a system point of view, a transmitting/receiving antenna system composed of two double-printed UWB dipole antennas was fabricated and tested by using vector network analyzer (VNA) HP8720ES. The transmitting and receiving antennas are positioned in two scenarios, i.e., face to face and end to end, with a distance of 0.5 m as plotted in Fig. 3 . The system transfer functions S 21 for the two scenarios are shown in Fig. 4 and Fig. 5 respectively. It should be noted that the measurement was carried out in an indoor environment with reflecting objects in the surrounding area. Satisfactory agreement between simulation and measurement results is observed. In the UWB band, the behaviors of transfer functions are acceptable for the two scenarios. The amplitudes are relative flat and the phases are nearly linear. 
TIME DOMAIN PERFORMANCE

Performance in a Single Band Scheme
In a single band scheme, each transmitted pulse may occupy the entire UWB band. The fifth order Rayleigh pulse with σ = 75 ps is used as the voltage source in this paper, which meets the FCC spectral mask requirement for indoor systems [14] . Figure 6 shows the simulated radiated pulse waveforms in different directions. The curves have already been normalized to their respective maximum values. Nearly the same radiated waveforms can be observed in different five directions of x-z plane. So the characteristics of the double printed UWB dipole are very stable with the radiation angles. It also can be observed that the radiated pulses waveforms are little distorted as compared to the source pulse.
The spectral of the received signals at the receiving antenna can be calculated using the following formula:
Then the time domain pulse can be obtained by using inverse Fourier transform. The received pulse waveforms of the two scenarios are plotted in Fig. 7 . The two received pulses matches with each other very well. The late time ringing is almost negligible. The received pulses are a little distorted due to the variations of the system transfer functions. The received waveforms are similar to higher order differentiated Rayleigh pulses, which reflects the differentiator property of the antenna. 
Multiband Scheme
In the multiband schemer, the available UWB band is divided into 15 sub-bands [14] . Each sub-band has a 10 dB bandwidth of 500 MHz.
The input voltage at the transmitting antenna is a series of modulated Gaussian pulses, each having a 10 dB bandwidth of 500 MHz but different central frequencies, as defined in (2) . The parameter σ = 1336 ps. The carrier frequency increases from 3.35 GHz for the first pulse to 10.35 GHz for the last pulse. So the spectral of the v t covers the entire UWB band.
The received waveforms in multiband scheme are shown in Fig. 8 and Fig. 9 for end to end and face to face scenarios respectively. It is clearly observed that the amplitude of S 21 obviously affects the amplitudes of received pulses in different sub-bands. The envelopes of the received pulses correspond well to the shapes of S 21 . With flat amplitude of S 21 , the received signals in all the subbands can be detected well. In contrast, the uneven S 21 will lead to unequal amplitude of received pulses, thus results in different signal to noise ratio in the sub-bands.
The envelope of the received pulses of end to end scenario is flatter than that of the face to face scenario. The last received pulse of the end to end scenario is lower than others because of the decrease of the S 21 after 10 GHz. The received pulses are little distorted and the ringing is negligible. Received pulses of face to face scenario for multiband schemer. Study has shown that the uneven amplitude of S 21 also introduces frequency errors defined as the differences of central frequency between the received pulses and the source pulses [11] . Fig. 10 demonstrates the frequency errors in multiband schemer of the two scenarios. It can be observed that the frequency errors are less than 10 MHz for face to face scenario while the maximum frequency error for end to end scenario is nearly 140 MHz. The curves of frequency errors are closed related to the amplitude of S 21 displayed in Fig. 8 and Fig. 9 . A monotonically increasing S 21 in the band of a source pulse increases the central frequency of the signal, thus introducing a positive frequency error, and vice versa [11] . This can also be observed from Fig. 8-Fig. 10 .
CONCLUSION
Based on the frequency domain results, the time domain characteristics of the double printed UWB antenna have been investigated for both single band and multi-band schemer. For single band schemer, the radiated pulse waveforms are little distorted in the H plane and the received pulses matching well to each other with no obvious ringing. For multiband schemer, almost similar amplitude responses of the received pulses in different sub-bands are obtained when the transmitting and receiving antennas are located end to end. The frequency errors are less than 10 MHz for face to face scenario. Measurement and simulated results have shown that the double printed UWB antenna can operate over the FCC defined UWB band.
